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Abstract 


Audio  frequency  dielectric  relaxation 
measurements  from  5.3-380K  and  ionic  thermocurrent 
measurements  from  90-290K  have  been  used  to  study  the 
relaxation  of  dipolar  defects  in  several  calcium- 
fluoride  samples  doped  with  two  rare-earth  species. 

Four  of  the  five  strong  relaxations  that  occur  in  rare- 
earth  doped  calcium  fluoride  were  studied.  A  fit  of 
the  dielectric  relaxation  data  for  the  Rj  region 
reveals  that  the  relaxation  is  associated  with  some 
form  of  simple  point  defect.  This  site  is  assigned,  as 
is  consistant  with  the  literature,  to  the  reorientation 
of  a  nearest  neighbor  interstital  fluorine  ion  around  a 
single  rare-earth.  The  Rjj  relaxation  is  also  shown  to 
be  associated  with  a  simple  point  defect.  New 
relaxations  are  observed  in  the  R^  region  in  doubly 
doped  samples  and  are  assigned  to  the  stabilization  of 
sites  for  rare-earths  that  do  not  form  this  site  in 
singly  doped  crystals.  Activation  energies  for  these 
relaxations  are  0.170eV.  for  samarium  and  0.182eV.  for 
praseodymium.  New  relaxations  are  also  observed  in  the 
Rj.jj.and  RjV  regions.  These  new  relaxations  are 
assigned  to  hybrid  cluster  sites  within  the  samples. 

On  the  basis  of  previous  optical,  concentration 


dependence,  and  thermal  studies  the  j relaxation  is 
associated  with  a  site  containing  three  rare-earths. 


trimer.  Since  only  one  new  relaxation  is  observed  in 
the  R  region  this  relaxation  is  assigned  to  a  site 


containing  two  rare-earths,  a  dimer 
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Introduction 


The  defect  structure  of  doped  calcium-fluoride 
(CaF2>  has  come  under  close  scrutiny  in  recent  years. 
This  has  come  about  both  for  technological  reasons  and 
for  the  advancement  of  the  understanding  of  defects  in 
ionic  solids.  From  the  standpoint  of  application,  CaF2 
crystals  doped  with  elements  of  the  Lanthanide  series 
(rare-earths)  ,  as  well  as  uranium,  have  long  been  used 
as  laser  hosts.  Rare-earth  doped  calcium-fluoride  is 
also  currently  under  consideration  for  use  in  a 
capacitive  pressure  gauge. 

Many  experimental  techniques  have  been  used  in 
the  study  of  the  defect  structure  of  CaF2:Re,  among 
these  are:  electron  spin  resonance  (ESR) ,  (1,2,3) 

anelastic  relaxation,  (4)  nuclear  magnetic 
resonance,  (5,6)  optical  absorption, (7 ,8)  selective 
laser  excitation, (9)  ionic  thermocurrents ,( 10 , 1 1 ) 
Mossbauer  effect,  (12)  and  dielectric 

relaxation (3 , 13 , 14) .  Also,  significant  theoretical 
work  has  been  done  in  this  field  (15,16).  In  this 
research,  dielectric  relaxation  was  the  technique 
utilized,  with  the  ionic  thermocurrent  technique 
providing  significant  additional  information. 

The  dielectric  relaxation  spectrum  of  rare-earth 
doped  calcium-fluoride  has  been  measured  as  a  function 


of  dopant  concentration , (13)  rare-earth  type, (14)  and 
thermal  history  (7).  In  each  case  significant  new 
information  has  been  obtained.  From  previous  research 
five  strong  relaxations  have  been  noted  (14).  One  of 
these  has  been  labled  Rj  and  correlates  well  with  the  A 
site  of  selective  excitation  studies  (9) .  This 
relaxation  is  usually  associated  with  a  nearest 
neighbor  interstitial  charge  compensating  fluorine. 

Many  models  have  been  proposed  to  account  for 
the  other  four  relaxations  including  simple  point 
defects  and  clusters  (14,17). 

Some  theoretical  calculations  have  attempted  to 
describe  clustering  (15,16).  But  it  remains  the  task 
of  the  experimental  physicist  to  investigate  and 
describe  this  system. 

In  the  present  work  dielectric  relaxation 
measurements  have  been  made  on  six  samples  of  Ca?2 
doped  with  two  rare-earth  species  (Er-Sm  0.05%,  Tm-Pr 
0.01%,  Tm-Tb  0.3%,  Nd-Dy  0.05%,  Yb-Ho  0.05%,  and  Nd-Tb 
0.05%).  In  addition,  ionic  thermocurrent  "peak 
cleaning"  techniques  have  proved  particularly  useful  in 
the  investigation  of  the  RJV  relaxation. 

In  chapter  2  the  basic  theory  of  dielectrics  and 
relaxation  phenomena  are  discussed.  Chapter  3  contains 
an  introduction  to  the  Lanthanide  doped  calcium- 


10 


fluoride  system.  Experimental  procedures  and  apparatus 
are  described  in  chapter  4.  The  results  of  this 
research  and  the  analysis  techniques  utilized  are 
summarized  in  chapter  5.  The  conclusions  drawn  from 
this  work  are  found  in  chapter  6  along  with  suggestions 
for  further  investigation  into  this  system. 
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If  a  dielectric  is  inserted  between  the  plates  and  an 
electric  field  applied,  charge  within  the  dielectric 
will  tend  to  reorient  with  the  applied  field.  This 
charge  alignment  will  tend  to  compensate  for  the  charge 
on  the  plates  and  therefore  will  reduce  the  voltage 
across  the  system.  By  equation  2-1  this  reduction  in 
voltage  will  result  in  an  increase  in  the  total 
capacitance  of  the  system  by  a  factor  c'  so  that: 


€  'C, 


2-3 


+  -Ml 


*4*  -(-  4- 


Fig.  2-1 (a) .  shows  the  configuration  of  a  parallel 
plate  capacitor.  Fig  2-1 (b)  shows  the  charge 
reorientation  within  a  dielectric  when  a  field  is 
appl ied . 

The  charge  alignment  within  a  dielectric  may  be 
due  to  many  mechanisms.  These  include  the  reorientation 
of  ions  within  the  dielectric,  the  reorientation  of 
permanent  dipoles,  and  the  preferential  orientation  of 
the  electrons  around  each  atom.  At  low  frequencies  the 
dielectric  constant  is  governed  by  all  three 
mechanisms.  In  the  intermediate  frequency  range  only 


,  J  i.  .aU  1'  i  ..  .w-uf  ■  .• 


ionic  and  electronic  contributions  are  important. 
Finally,  in  the  UV  frequency  range  only  the  electronic 
alignment  is  important. 


Figure  2-2.  The  frequency  dependence  of  the 
dielectric  constant  (e1)  showing  the  various  types 
of  polarization.  (From  Introduction  to  Solid 
State  Physics ,  edited  by  C.  Kittel.  New  York: 

John  Wiley  and  Sons  Inc.,  1971,  p.461) 

In  a  dielectric,  when  there  is  no  externally 
applied  electric  field,  the  permanent  dipoles  will  be 
oriented  randomly  throughout  the  material.  When  an 
external  field  is  applied,  the  dipoles  will  reorient 
with  the  field.  During  this  reorientation  process 
energy  will  be  dissipated  in  a  manner  similar  to  I  R 
power  losses  in  a  conductor.  This  power  loss  is 
characterized  by  o".  a"  will  be  proportional  to  the 
number  of  dipoles  reorienting  and  the  energy  dissipated 
per  reorientation  and  is  given  by: 
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e”=o"/u)e o  and  represents  the  power  dissipated  per  cycle. 

2-2  Relaxation  Phenomena 

Relaxation  is  the  delayed  response  of  a  system 
to  an  applied  stimulus.  Each  relaxation  is 
characterized  by  a  relaxation  time,  t.  The  dipoles 
studied  in  this  work  may  be  thought  of  as  a  charge 
sitting  in  a  bistable  potential  well  as  shown  in  figure 
2-3  where  a  charge  of  opposite  sign  sits  at  the  center 
of  the  well.  The  dipole  may  be  in  either  state.  When 
an  electric  field  is  placed  across  the  dielectric  and 
the  well  depths  are  modified,  transitions  to  the 
enhanced  well  are  favored. 


Figure  2-3.  The  bistable  model.  The  potential 
energy  as  a  funtion  of  distance  has  two  minima, 
"potential  wells,"  whose  depth  has  been  modified 
by  an  electric  field.  (From  V.V.  Daniel  in 
Dielectric  Relaxation,  New  York:  Academic  Press, 
Inc. ,1967,  p. 21 . ) 


Within  the  well  each  dipole  is  vibrating  with  a 
frequency,  fQ.  Each  oscillation  represents  an  attempt 
by  the  dipole  to  "jump"  the  potential  barrier.  Since 
the  system  is  in  thermal  equilibrium,  the  number  of 
dipoles  having  sufficient  energy  to  make  the  transition 
is  given  by: 


—  =  exp (-E/kT) 


the  Maxwell-Boltzmann  distribution.  nq  is  the  number 
of  dipoles  in  a  given  state  and  N  is  the  number  of 
dipoles  with  sufficient  energy  to  make  the  transition, 
k  is  Boltzmann's  constant  and  T  is  the  absolute 
temperature  of  the  dielectric.  Thus  the  frequency  of 
jumps  is  given  by: 


f  =  f 0  exp  (-E/kT) 


By  examining  transitions  in  both  directions,  for  a 
small  applied  electric  field,  it  can  be  shown  that  the 
relaxation  time,  T,  that  characterizes  the  relaxation, 
is  given  by: 


t  =  Yf  =  To  exp (E/kT) 


16 


t0  is  known  as  the  reciprocal  frequency  factor.  The 
relaxation  time  is  the  time  constant  for  the 
reorientation  of  the  dipoles.  If  N0  is  the  total 
number  of  dipoles  that  will  orient  with  an  applied 
electric  field  and  N  is  the  net  number  that  have  made 
the  transition  then  the  rate  of  transition,  dN/dt,  will 
be  given  by: 

dN  _  N  2-8 

dt  t 

The  solution  of  equation  2-8: 

N  =  N0  [1  -  exp(-tA)]  2-9 

gives  the  number  of  dipoles  preferentially  aligned  with 
the  field  at  any  time,  t. 

2-3  Dielectric  Relaxation 

The  relaxation  times  of  electronic  and  ionic 
relaxations  are  of  the  order  of  10  10  seconds  and  will 
be  assumed  to  be  instantaneous  in  this  work  since  a 
reasonable  value  for  the  relaxation  time  of  a  dipole  is 
10~6sec.  eg  is  the  real  part  of  the  dielectric 
constant  for  a  static  field.  ew  is  the  ionic  and 
electronic  portion  of  the  dielectric  constant.  Thus 
the  dipolar  contribution  to  the  real  part  of  the 


D 
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dielectric  constant  is  r.  -t  .  The  polarization  of  the 

S  of  r 

permanent  dipoles  in  a  dielectric  is  found  by  solution 
of  the  differential  equation: 


T  dF  +  PD(t)  =  {cs-£~)E(t) 


2-10 


The  solution  of  equation  2-10  for  a  sinusoidal  E(t)  is: 


p*(t)  =  (C?'lT(t) 

D  1  +  1(DT 
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The  total  dielectric  constant  for  the  system,  e*,  is 
then  found  to  be: 


E  —  6  = 


e  -  e 
s  °° 


E(t)  1  +  i 


2-12 


Since  e*  =  e'-ie" ,  the  real  and  complex  parts  of  the 


dielectric  constant  may  be  found  by  separating  the  real 
and  imaginary  parts  of  equation  2-12.  This  yields: 


=  e  + 


c  -e 
s  ” 

1  +  u2  t: 
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/  F  -  E  . 

(  S  °° )  fa)  T 

1  +  U,2!2 
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These  are  known  as  the  Debye  equations.  An 


.JU 


'  .  .  .  - 


application  of  Boltzmann  statistics  between  sites 
aligned  preferentially  with  the  field  or  against  it 
gives: 


es“e»  3enkT  aD 
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N  is  the  dipole  concentration,  p  is  the  dipole  moment 
and  T  is  the  temperature  of  the  dielectric.  This 
parameter,  known  as  the  dielectric  polarizability,  is 
further  broken  down: 


e  -  c  =  a  =  — 
s  <»>  D  T 
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A  is  called  the  dipole  strength. 

The  Debye  equations  may  now  be  written: 


G  '  —  G  + 


T  (  1  +  U)2T2) 
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2-18 


T  (  1  +  O)2  T  2  ) 


Equation  2-18  when  coupled  with  the  defining  equation 
for  the  relaxation  time,  equation  2-7,  constitutes  the 
governing  equation  for  dielectric  relaxations  (18). 


2-3  Ionic  Thermocurrents 


The  ionic  thermocurrent  technique  was  first 

developed  by  Bucci  and  Fieshi  in  19 64  (19,20).  It 

relies  on  the  same  basic  relaxation  theory  as 

dielectric  relaxation.  In  ionic  thermocurrents  the 

dipoles  within  the  dielectric  are  polarized  by  a  static 

electric  field  for  a  time  t>>  x  ,  so  that  P  = a  .  The 

D 

depolarization  current  is  then  measured  as  a  function 
of  temperature  while  the  sample  is  heated  at  a  constant 
rate.  The  rate  of  depolarization  is  given  by: 


If  the  temperature  is  increased  at  some  linear  rate 
b=dT/dt,  then  by  the  chain  rule  of  calculus  the 
depolarization  and  therefore  the  current  density  is 
given  by: 


I 
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By 


separating 


where  PQ=P(T0) 


for  x  gives; 


the  variables  and  integrating  from  T 
to  any  temperature  T  and  substituting 


l  N(P) 


L  N  (  P  j 


)  -  - 


1 

bx. 


T 

/  exp(-E/kT) <J  T 
T. 
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And  finally  the  current  density  j=]*n  as  a  function  of 
temperature  is  given  by: 


exp(-E/kT)dT) 


n.  This  equation  is  often  known  as  the 


Chapter  3 


3-1  The  Structure  of  CaF2 

The  basic  structure  of  calcium-fluoride  is  that  of  a 
simple  cubic  array  of  fluorine  (F~)  ions  with  a  calcium 
(Ca  )  ion  at  the  center  of  every  other  cube.  Thus 
the  lattice  cations  (Ca2+)  form  a  face  centered  cubic 
array  containing  a  cubic  array  of  F“  ions.  This 
represents  a  unit  cell.  The  length  between  Calcium 
ions  in  the  [100]  direction  is  the  lattice  constant  and 
is  equal  to  5.46  A  (21). 

3-2  Defect  Structure 

24” 

The  ionic  radius  of  the  Ca  ion  in  the  fluorite 
lattice  (1.26  %)  is  approximately  the  same  as  that  of 

O 

triply  ionized  rare-earths  (1.06-1.28  A)  (22).  Thus 
CaF2  crystals  may  be  easily  grown  with  rare-earth  ions 
substituted  for  some  of  the  lattice  cation  Ca2+  ions. 

24- 

However,  the  replacement  of  doubly  ionized  Ca  ions  by 
triply  ionized  Re  ions  will  leave  a  charge  imbalance 
in  the  lattice.  This  requires  the  addition  of 
additional  negative  charge  to  the  system  somewhere  in 
the  lattice.  Originally  it  was  thought  that  charge 
compensation  takes  place  by  way  of  an  additional 
fluorine  ion  in  one  of  the  body  centered  sites  adjacent 
to  the  rare-earth  ion.  This  is  known  as  a  "nearest  * 
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neighbor"  interstitial  and  the  resultant  rare-earth  and 
fluorine  interstitial  pair  is  sometimes  known  as  a  Type 
I  dipole.  The  nearest  neighbor  charge  compensated  site 
exhibits  tetragonal  symmetry.  (For  a  discussion  of 
site  symmetry  and  crystal  directions  see  the  reference 
for  figure  2-2)  This  configuration  is  shown,  along 
with  a  diagram  of  the  pure  CaF2  lattice,  in  figure  3-1. 

This  simple  charge  compensation  model  would 
explain  a  single  peak  for  both  dielectric  relaxation 
and  ITC  measurements.  This  is  not,  however,  the  case. 
Figure  3-2  shows  the  dielectric  spectrum  for  a  CaF2 
crystal  doped  with  the  rare-earth.  Erbium. 


figure  3-2 


Figure  3-la 


Figure  3-la  shows  a  pure  calcium  fluoride  lattice, 
figure  3-lb  shows  a  nearest  neighbor  interstitial 
fluorine  charge  compensated  site. 
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Multiple  relaxations  have  also  been  observed  using  ITC 
(17).  Clearly,  then,  more  than  one  type  of  dipolar 
defect  occurs  in  CaF2:Re3+. 

Two  other  types  of  charge  compensation  were 
proposed  in  early  work  on  CaF2:Er3+.  One,  is  that  of 
a  next  nearest  neighbor  interstitial,  also  known  as  a 
Type  II  dipole.  It  consists  of  an  F~  ion  occupying 
the  body  centered  site  along  the  [111]  axis  from  the 
rare-earth.  This  site  exhibits  trigonal  symmetry.  The 
other  proposed  site  is  a  non-locally  compensated  site 
that  exhibits  cubic  symmetry.  The  charge  compensating 
F~  ion  is  located  elsewhere  in  the  lattice.  This  site 
would  have  no  dipole  moment  and  would  be  "invisible"  to 
dielectric  relaxation  and  ITC. 

3-3  Previous  Work 

The  first  observation  of  a  dielectric  relaxation 
in  rare-earth  doped  CaF2  was  reported  in  1970  by 

Franklin  and  Marzulo  (24).  The  relaxation  was  observed 

.  < 

in  CaF2 :Gd  and  had  an  activation  energy  of  0.4eV.  This 
relaxation  corresponds  to  the  relaxation  mentioned 
earlier  and  was  correlated  to  a  tetragonal  ESR  center 
that  had  been  identified  in  previous  work  (1). 
Consequently,  this  relaxation  was  associated  with  a 
nearest  neighbor  interstitial  F~  ion  charge 
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compensation . 

Stott  and  Crawford  first  observed  the  R 

II 

relaxation  in  1970  by  means  of  the  ITC  technique.  They 
also  found  the  R  Relaxation  and  by  relating  the  dipole 

concentrations  for  the  R  and  R  relaxations, 

I  II 

correlated  the  R  relaxation  to  a  weak  trigonal  site 

II 

that  had  been  observed  using  ESR  (23)  .  Stott  and 
Crawford  tentatively  identified  this  site  as  being 
associated  with  the  relaxation  of  a  next  nearest 
neighbor  interstitial  F“  ion.  This  identification  was 
later  disputed  by  Franklin  et  al.  on  the  basis  of  ESR 
studies,  and,  in  a  later  work,  Crawford  et  al.  agreed 

with  the  idea  that  the  R  relaxation  was  not  caused  by 

II 

a  next  nearest  neighbor  interstitial  (4,25).  In  the 

same  paper  Crawford  et  al.  identified  a  new  relaxation 

at  about  230K,  R ,  and  suggested  that  this  relaxation 

was  the  type  II  dipole  (next  nearest  neighbor) .  ITC 

studies  of  strontium-fluorides  doped  with  rare-earths 

seemed  to  support  this  assignment  (25,26).  Another 

factor  supporting  this  model  was  that  the  activation 

energy  of  the  R  relaxation  is  higher  than  that  of  the 
IV 

R  ,  and  it  was  believed  that  the  F"  ion  would  relax 
I 

through  the  nearest  neighbor  site.  This  left  the  R 
relaxation  unexplained. 

In  more  recent  years,  the  dielectric  relaxation 
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studies  of  Andeen  et  al.  have  show  that  the  assignment 
of  the  R  relaxation  to  the  type  II  dipole  is 
incorrect.  The  relaxation  is  significantly  broader 
than  would  be  expected  from  a  simple  point  defect  and 
its  strength  increases  monotonical ly  with  increasing 
dopant  concentration  (13) .  These  characteristics  would 
be  expected  of  a  cluster  associated  relaxation. 

The  R  ^  relaxation  has  only  been  observed  by 
Andeen  and  Fontanella.  Due  to  its  high  dependence  on 
concentration  it  is  also  believed  to  be  due  to  some 
form  of  cluster  of  rare-earths  (13,14). 

One  of  the  most  significant  studies  of  the 
defect  structure  of  CaF2 ;Re,  other  than  by  relaxation 
techniques,  has  been  the  selective  laser  excitation 
work  of  Tallant  and  Wright  (9).  By  selectively 
exciting  the  optically  active  electrons  of  the  dopant 
rare-earth  they  have  identified  two  point  defect  sites 
(designated  A  and  B)  and  at  least  two  cluster 
associated  sites  (C  and  D) .  The  A  site  has  been  shown 
to  have  tetragonal  symmetry  and  is  most  likely  due  to  a 
nearest  neighbor  interstitial  charge  compensated  site 
(23).  The  B  site  has  trigonal  symmetry.  The  C  and  D 
sites  are  cluster  associated  since  they  exhibit 
upconversion .  Upconversion  occurs  when  more  than  one 
atom  at  a  defect  site  absorbs  a  photon  during 
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excitation  and  then  the  excitation  energy  of  one  atom 
is  transfered  to  the  other  excited  atom.  The  photon 
that  will  then  be  given  off  will  be  of  higher  energy 
then  those  used  to  excite  the  defect  sites. 

Upconversion  between  two  simple  point  defects  is 
possible  but  it  is  highly  unlikely.  The  C  site  is 
believed  to  be  a  lower  order  cluster  and  may  correspond 

to  the  R  relaxation. 

IV 

Thus  many  models  exist  to  explain  the 
experimental  results.  By  studying  CaF2  doped  with  two 
different  rare-earth  species  it  is  hoped  to  elicit  new 
information  about  the  defect  structure  of  CaF2 :Re. 
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Chapter  4 

4-1  Experimental  Procedure :  Dielectric  Relaxation 

The  samples  used  in  this  work  were  obtained  from 
Optovac  Inc.  The  crystals  were  grown  under  a  fluorine 
atmosphere  and  are  relatively  free  of  oxygen 
contamination  that  has  been  observed  in  samples  from 
other  sources.  The  dopants  were  introduced  to  the  melt 
as  rare-earth  fluorides  at  the  concentration  specified. 
The  crystals,  as  received,  were  in  2.54  cm.  disks  that 
had  been  cut  to  a  thickness  of  about  2  mm. 

The  samples  were  ground  to  a  thickness  of  1.5mm. 
and  were  then  polished  to  an  optical  quality  using  1 
micron  diamond  polishing  paste. 

Aluminum  electrodes  were  the  i  evaporated  onto 
the  surface  of  the  samples  in  the  standard  three 
terminal  configuration.  The  three  terminal 
configuration  is  shown  in  figure  4-1  and  is  used  to 
eliminate  the  effects  of  fringing  of  the  electric 
field. 

The  evaporations  were  accomplished  under  a  bell 
jar.  The  system  was  first  evacuated  to  a  pressure  of 
10  torr.  Then  Argon  gas  was  bled  in  and  a  high- 
voltage  discharge  was  used  to  clean  the  sample  surfaces 
to  assure  a  solid  bond  between  the  electrode  and  the 
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sample.  The  insulating  gap  on  the  sample  was  achieved 
by  placing  a  thin  steel  shadow  ring  on  the  sample  prior 
to  evaporation.  The  insulating  rings  were  each  about 
.01  mm.  thick. 

Conductance  divided  by  angular  frequency  (G/w) 
and  capacitance  were  measured  isothermally  at  five 
frequencies  from  100  to  10,000  Hz  using  a  specially 
modified  General  Radio  transformer  ratio  arm  bridge.  A 
basic  schematic  is  shown  in  figure  4-2.  After  balancing 
the  bridge,  values  for  G/w  and  C  are  automatically 
punched  onto  paper  tape  for  computer  input.  These 
values  are  then  ,inputed  to  a  computer  for  conversion  to 
dielectric  constants  and  further  analysis. 

The  temperature  range  in  this  work  was  from  5.3 
to  380K .  The  temperature  was  maintained  in  a 
Cryogenics  Associates  cryostat.  Liquid  helium  was  used 
for  cooling  for  temperatures  between  5.3  and  80K; 
liquid  nitrogen  was  used  for  all  higher  temperatures. 
Temperature  was  controlled  using  an  electric  heater 
capable  of  delivering  up  to  lfiW.  The  control  circuit 
consisted  of  a  Wheatstone's  bridge  with  a  platinum  (30 
to  380K)  or  germanium  (5.3  to  30K)  resistance 
thermometer.  Integral,  proportional  and  differential 
feedback  was  used  to  maintain  the  temperature  to  within 
.01K  of  the  desired  temperature. 
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Figure  4-1  shows  the  three  terminal  electrode 
configuration.  By  measuring  only  across  the  center 
section,  the  effects  of  electric  field  fringing  may  be 
neglected. 


Standard 


Sample- 


Figure  4-2  shows  a  simplified  schematic  of  the  bridge 
When  the  tap  has  been  positioned  so  that  the  voltage 
across  the  detector  is  zero,  the  bridge  is  said  to  be 
balanced  and  the  data  may  be  recorded. 
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4-2  Determination  of  e " 

The  real  part  of  the  dielectric  constant  for  CaF2 
has  been  determined  at  300K  by  use  of  the  method  of 
substitution;  an  extremely  accurate  method  for 
determining  dielectric  constants.  This  value  is 
assumed  to  be  the  same  for  all  samples,  since  the 
dipolar  contribution  to  the  real  part  of  the  dielectric 
constant  is  insignificant  for  the  dopant  concentrations 
used.  The  effect  of  the  impurities  on  the  host  lattice 
should  also  be  small.  The  change  in  the  capacitance  of 
the  samples  is  due  to  two  factors:  one  is  the  change  in 
the  real  part  of  the  dielectric  constant  and  the  other 
is  the  thermal  expansion  or  contraction  of  the  sample. 
Thus  it  may  be  shown  that  the  real  part  of  the 
dielectric  constant  is  given  by: 


c'(T)  =  e 


300 


C(T) 

C300 


exp(- 


T 

/ 

300 


«pdT) 


4-1 


e ' (T)  is  the  real  part  of  the  dielectric  constant  at  a 
given  temperature,  C(T)  is  the  capacitance  of  the 
sample  at  the  temperature  e '300  and  C  3QQ  are  the  real 
part  of  the  dielectric  constant  and  the  capacitance  at 
300K,  and  ap  is  the  isobaric  linear  thermal  expansion 
coefficient  for  CaF  .  The  values  used  are  for  pure  CaF 
due  to  the  lack  of  values  for  the  doped  material.  The 
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exponent  is  evaluated  using  numerical  integration  in 
10K  increments. 

The  conductance  of  a  sample  is  given  by: 

oA  | 

G  =  d  4-2 


where  A  is  the  cross-sectional  area  of  the  sample,  d  is 
the  thickness  of  the  sample,  and  a  is  the  dielectric 
conductivity  of  the  sample.  By  combining  equations  2-4 
and  4-2  the  imaginary  part  of  the  dielectric  constant 
is  given  by: 


Gd 

e" =  vA 
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All  of  the  parameters  on  the  right  hand  side  of 
equation  4-3  are  known  or  can  be  measured.  But  in 
order  to  eliminate  the  error  involved  with  measuring 
the  geometric  properties  of  the  crystal,  the 
capacitance  of  the  system  (eq.  2-2)  is  used  so  that  the 
imaginary  'part  of  the  dielectric  constant  is  given  by: 

I 


The  values  obtained  for  e"  may  then  be  fit  with 
equations  2-7  and  2-18  to  obtain  values  for  activation 
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energy,  reciprocal  frequency  factor  and  dipole 
strength.  These  methods  are  discussed  in  chapter  five. 

4-3  Experimental  Procedure:  ITC 

■N 

The  ionic  thermocurrent  measurements  were 
accomplished  using  a  Cary  Model  401  vibrating  reed 
electrometer.  The  sample  chamber  is  made  of  copper, 
with  the  heating  wires  cemented  around  the  lower 
portion.  The  sample  is  insulated  from  the  grounded 
copper  base  by  a  thin  sapphire  disk.  Sapphire  was  used 
since  it  has  extremely  high  thermal  conductivity  at  low 
temperatures  and  because  of  its  excellent  electrical 
insulation  properties.  The  measurement  of  the 
temperature  of  the  sample  is  accomplished  by  the  use  of 
a  copper-constantan  thermocouple  imbedded  into  a  CaF2 
sample  that  is  also  mounted  on  a  sapphire  disk.  The 
reference  for  the  thermocouple  is  a  liquid  nitrogen 
bath.  The  samples,  the  same  crystals  used  for  the 
dielectric  relaxation  portion  of  this  work,  were 
cleaved  to  a  thickness  between  0.5  and  1.0  mm.  The 
samples  were  then  measured  to  determine  exact  geometric 
properties.  Electrodes  are  then  painted  onto  the 
samples  using  an  aluminum  powder  paint. 

The  samples  are  then  loaded  into  the  chamber. 

The  high-voltage  electrode  used  to  apply  the  polarizing 


field  is  attached  to  a  painted  aluminum  electrode  on 
the  face  of  the  sapphire  disk.  Good  electrical  contact 
between  the  sample  electrodes  and  the  high-voltage 
electrode  is  assured  by  the  use  of  additional  aluminum 
paint.  A  spring  loaded  contact  was  used  to  detect  the 
depolarizatiom  current. 

The  sample  chamber  is  contained  within  a  vacuum 
tight,  thin-walled  brass  cylinder.  The  electrical 
connections  for  the  polarization,  measurement  of  the 
depolarization  current  and  for  temperature  control  are 
fed  through  stainless  steel  tubes  attached  at  the  top 
of  the  sample  chamber.  These  tubes  also  serve  to 
support  the  sample  chamber.  During  the  measurement  of 
a  depolarization  current  a  one  atmosphere  pressure  of 
dry  helium  gas  is  bled  into  the  cylinder  and  sample 
chamber  to  minimize  thermal  gradients  within  the 
system. 

Polarization  fields  of  about  PkV/m  were  used. 
Peak  depolarization  currents  were  about  10  14  A  with  a 
backround-noise  of  about  10  16  A.  Linear  heating  rates 
of  3  to  5K/min.  were  employed. 

Initial  cooling  was  accomplished  by  submerging 
the  entire  sample  holder  assembly  into  liquid  nitrogen. 
Heating  was  then  accomplished  by  the  use  of  an  electric 
heater  that  was  controlled  by  a  system  that  compares 


36 


the  actual  thermo-couple  voltage  to  a  generated 
reference.  The  reference  utilized  was  a  third  order 
approximation  to  the  thermo-couple  voltage  output.  A 
voltage  ramp  input  to  the  controller  generates  the 
desired  linear  heating  rate.  The  thermo-couple  voltage 
approximation  is  good  to  within  +0.3K.  The  error 
varies  slowly  and  therefore  has  little  effect  on  the 
linearity  of  the  heating  rate.  The  controller  will 
maintain  the  sample  temperature  to  within  +0.1K  of  the 
desired  temperature. 

The  output  of  the  electrometer  is  recorded  on  a 
strip  chart  recorder.  At  several  times  during  the  ITC 
run  temperatures  from  the  thermo-couple  were  recorded 
to  assure  a  linear  heating  rate. 

4-4  ITC  Analysis 

The  strip  chart  recorder  plot  is  then  digitized 
manually  and  the  depolarization  currents  are  fit  to  a 
numerical  approximation  of  the  ITC  equation  (Eq.  2-22) . 

The  most  important  use  of  the  ITC  method  was  the 
peak  cleaning  technique  that  allows  resolution  of 
closely  spaced  relaxations.  This  technique  is 
discussed  in  chapter  5  as  it  was  applied  to  the  R ^ 


relaxation. 


Chapter  5 


The  Rj  Relaxation 

The  R^  relaxation  is,  possibly,  the  best 

understood  relaxation  in  rare-earth  doped  calcium 

fluoride.  This  relaxation  has  been  correlated  to  the 

tetragonal  site  in  EPR  and  rotational  Zeeman  studies. 

The  R^  relaxation  is  fairly  independent  of  rare-earth 

type  as  can  be  seen  in  figure  5-1  where  the  relaxation 

spectra  for  CaF2  crystals  doped  with  0.1  mol-%  of  each 

of  the  rare-earths  are  plotted  (14).  The  R^  relaxation 

is  the  dominant  relaxation  for  crystals  with  low  dopant 

concentrations.  The  R  relaxation  also  first  increases 

I 

and  then  decreases  with  increasing  dopant  concentration 
(13).  This  information  tends  to  support  the 
assignment,  in  the  literature,  of  the  R^  relaxation  to 
a  type  I  dipolar  relaxation  (24). 

The  results  of  this  work  tend  to  support  this 
assignment.  In  this  reguard  the  sample  doped  with  0.05 
mol-%  each'of  neodymium  and  terbium  is  the  most 
interesting  since  the  activation  energies  of  the  two 
relaxations  cause  the  peaks  to  be  more  widely  separated 
than  in  other  samples.  The  dielectric  relaxation  data, 
at  1000  Hz,  for  the  Tb-Nd  sample  is  shown  in  figure  5-2 
with  a  theoretical  curve  and  the  expected  constituent 


Figure  5-1  shows  the  < 
fluoride  crystals  dop< 
rare-earths.  (From  rel 


Figure  5-2  shows  the  data  for  the  Nd-Tb  sample.  The 
solid  line  is  a  fit  to  this  data  using  the  simple  po 
defect  model. 
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relaxations.  The  dielectric  relaxation  data  for  the 
region  of  the  R^.  relaxation  has  been  fit  to  an  equation 
involving  two  independent  relaxations,  one  for  each 
dopant,  using  the  Newton-Raphson  method.  The 
activation  parameters  were  assumed  to  be  those  of  the  Rj 
relaxations  in  singly  doped  samples  and  only  the  dipole 
concentrations  were  allowed  to  vary.  The  excellence  of 
this  fit  is  further  seen  in  figure  5-3  which  shows  the 
data  for  all  five  frequencies  employed  over  a 
temperature  range  of  90K.  The  root  mean  square  error 
over  this  wide  range  of  temperatures  is  less  than  0.2%. 
This  is  within  the  expected  experimental  error.  The 
outstanding  agreement  between  the  simple  point  defect 
model  for  the  R  relaxation  and  the  experimental 
results  leaves  little  doubt  about  its  validity. 

Since  the  R  relaxation  has  been  so  strongly 
related  to  a  site  of  tetragonal  symmetry,  it  seems 
almost  certain  that  the  relaxation  is  caused  by  a 
nearest  neighbor  interstitial  fluorine  charge 
compensation  scheme.  The  exact  relaxation  mode  of  this 
system  is  not  known. 

The  Rjj.  Relaxation 

The  Rjj  relaxation  has  been  shown  to  strongly 
correlate  to  the  B  site  of  Tallant  and  Wright  through 
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the  rotational  fceeman  effect  studies  of  Rector  et  al. 
(7).  The  B  site  is  known  to  possess  trigonal  symmetry. 
Tallant  and  Wright  go  on  to  assign  the  B  site  to  a  next 
nearest  neighbor  interstitial  fluorine  ion.  This 
implies  that  the  R^  relaxation  should  be  associated 
with  a  rare-earth,  next  nearest  neighbor  fluorine  pair. 
It  is  interesting  to  note  that  this  is  the  same  as  the 
original  assignment  of  Stott  and  Crawford  (17).  But  as 
previously  mentioned  that  model  was  changed  because  of 
the  argument  by  Franklin  et  al.  that  the  trigonal 
fluorine  must  relax  through  the  nearest  neighbor  site 
(4) .  By  assuming  that  the  reorientation  takes  place  by 
another  means,  this  model  may  be  preserved.  The 
results  for  the  0.05  mol-%  Yb-Ho  sample  strongly 
support  the  assignment  of  the  Rn  relaxation  to  a 
simple  point  defect.  The  Rjj  relaxations  are  present 
for  both  of  the  dopants.  The  theoretical  fit  shown  in 
figure  5-4  represents  a  fit  to  the  Debye  equations 
assuming  constant  dipole  concentrations.  The  magnitude 
of  the  relaxation  should  follow  the  1/T  dependence  of 
the  dielectric  polarizability.  The  Rjj  relaxations  in 
the  Yb-Ho  system  do  not  exhibit  this  Curie-Weiss  type 
behavior.  To  provide  some  explanation  of  this 
behavior,  further  analysis  of  the  dielectric  data  for 
singly  doped  samples  was  used. 


I 


44 


Figure  5-5  shows  a  fit,  of  all  five  frequencies 
employed,  to  the  Debye  equation  for  a  0.1  mol-%  Ho 
sample.  In  this  sample  the  same  non-Cur ie-Weiss  type 
behavior  is  observed.  One  possibility  is  that  some 
other  site  in  the  lattice  is  populating  into  the  site 
that  causes  the  relaxation.  Thermally  activated 

redistributions  should  be  governed  by  the  Maxwell- 
Boltzmann  distribution: 


l 

=  exp(-h/kT) 
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N0  is  the  population  of  one  site  and  N  is  the 
population  of  the  other,  h  is  the  potential  energy 
difference  between  the  two  sites  and  is  called  the 
activation  enthalpy.  Since  the  source  of  the  increase 
in  population  of  the  R  site  is  not  known,  an  exact 
determination  of  the  activation  enthalpy  is  not 
possible.  But  if  it  is  assumed  that  the  depopulating 
site  has  a' large  concentration  with  respect  to  the 
concentration  of  Ri;t  sites,  a  rough  value  may  be 
obtained.  The  validity  of  this  assumption  can  be  shown 
by  figure  5-6;  which  shows  the  In (A)  plotted  versus 
1/T.  The  value  for  the  activation  enthalpy  may  be 
found  from  the  slope  of  this  line.  The  site 
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inequivalency  is  about  0.004  eV.  The  result  of  fitting 
the  the  0.1%  Ho  data  to  the  Debye  equation,  modified  so 
that  A=A  exp(-h/kT),  is  shown  in  figure  5-7. 

The  activation  enthalpy  for  each  of  the  R  j-j- 
relaxations  is  found  to  decrease  with  decreasing  dopant 
ion  size  for  singly  doped  samples.  This  is  to  be 
expected  since  this  represents  a  favoring  of  the  R^ 
site  by  samples  doped  with  smaller  rare-earths  which 
has  already  been  shown. 

It  can  be  seen  in  figure  5-7  that  even  with  the 

addition  of  the  thermal  population  of  the  R jj  site,  the 

theoretical  fit  is  not  within  expected  experimental 

error.  This  suggests  that  the  relaxation  time  might 

not  be  governed  by  equation  2-7.  A  different  model 

which  may  account  for  all  of  the  observed  effects  is 

that  the  Rjj  relaxation  takes  place  between  two 

slightly  nonequi valent  potential  wells.  One  such  model 

has  been  predicted,  theoretically,  by  Catlow  (15).  He 

suggests  that  the  Rjj  relaxation  represents  a 

transition  between  nearest  neighbor  and  next  nearest 

neighbor  sites.  This  model  will  explain  most  of  the 

dielectric  relaxation  results  for  R  .  The  potential 

II 

as  a  function  of  position  for  this  model  is  shown  in 
figure  5-8. 


Figure  5-8  shows  the  potential  as  a  function  of  | 
position  for  the  predicted  nearest  neighbor  next 
nearest  neighbor  transition. 

Unfortunatly ,  the  inequivalent  sites  are  nearest 

neighbor  and  next  nearest  neighbor  and  consequently 

this  model  cannot  account  for  recent  annealing  results 


The  Yb-Ho  system  was  the  only  sample  studied 

f 

where  a  strong  R  relaxation  is  present  in  both  singly 


doped  samples  for  dopants  used.  Interesting  results 
are  also  found  in  samples  doped  with  0.05  mol-%  each 


erbium  and  samarium  and  0.01  mol-%  thulium  and 


praseodymium.  These  results  are  shown  in  figures  5-9 


The  relaxation  for  the  smaller  rare-earth 


is  present,  as  expected,  and  a  new  relaxation  is  found 


at  a  higher  temperature.  The  activation  energy  of  the 
new  relaxation  in  the  Er-Sm  system  is  .170  eV  and  the 
activation  energy  fpr  the  new  peak  in  Tm-Pr  is  .182  eV 
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These  two  relaxations  exhibit  activation  energies  of 
about  what  would  be  expected  of  R  relaxations  in 
singly  doped  samples  if  those  samples  had  R 
relaxations  (14).  The  method  of  stabilization  for 
these  two  new  relaxations  is  open  to  considerable 
speculation.  If  the  R  relaxation  exhibited  other 
characteristics  of  a  cluster  associated  relaxation,  it 
would  be  logical  to  assume  that  the  new  peak  was  due  to 
a  form  of  mixed  cluster.  But  the  concentration  and 
annealing  results  of  Fontanella  et  al.  and  the  results 
for  the  Yb-Ho  sample  from  this  work  preclude  this  model 
(7,13)  . 

The  model  originally  proposed  by  Stott  and 
Crawford;  that  R  is  caused  by  the  reorientation  of 
the  trigonal  fluorine  is  still  tenable.  A  relaxation 
along  the  edge  of  the  cube  formed  by  the  trigonal 
equivalent  sites  could  have  a  lower  activation  energy 
than  the  reorientation  of  a  nearest  neighbor 
interstitial  fluorine.  This  would  yield  a  trigonal 
center  in  optical  and  ESR  studies,  it  could  be 
thermally  populated  and  explain  the  annealing  results 
as  well.  A  point  against  any  non-oxygen  associated 
trigonal  is  that  Baker  has  concluded  from  a  review  of 
the  literature  that  all  trigonal  ESR  sites  so  far 
observed  have  been  due  to  oxygen  compensated  centers 
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(27).  Also,  this  model  fails  to  explain  the  non- 
Arrhenius  behavior  of  the  relaxation  time.  It  should 
be  pointed  out  that  most  of  the  ESR  work  done  on  rare- 
earth  doped  CaF2  has  been  done  on  CaF2:Gd,  and  that 
gadolinium  doped  CaF2  has  very  little  or  no  r  sites 
at  all  (14).  Also,  Varotsos  has  predicted  that  all  low 
temperature  relaxations  should  exhibit  non-Arrhenius 
behavior  (28) . 

Figure  5-11  shows  the  configuration  and  possible 
relaxation  paths  for  each  of  the  models.  It  is  not 
clear  whether  the  charge  compensating  fluorine  moves 
through  the  lattice  itself  or  if  it  moves  by  replacing 
a  lattice  fluorine  which  then  becomes  a  charge 
compensator  in  another  site.  Both  modes  have  been 
shown,  theoretically,  by  Catlow  to  have  about  the  same 
activation  energy.  The  direct  motion  of  the  fluorines 
is  shown. 

The  Rjjj  Relaxation 

The  Rjjj  relaxation  is  characterized  by  being 
the  lowest  energy,  and  therefore  lowest  temperature, 
relaxation  yet  observed  in  rare-earth  doped  calcium- 
fluoride  (14) .  It  is  also  known  to  be  a  very  non-Debye 
like  relaxation.  Specifically  it  has  a  relaxation  time 
that  is  non-Arrhenius.  This  causes  it  to  be 


• Xetqxqsaaqux 

aoqqbxau  qsaaeau  qxau  aqq  jog  apoui  uoxqexcxaJ 
aiqxssod  auo  swoqs  6ux«ejp  uioqqoq  aqj,  -mox^bd  >^q 
pasodojd  x9POUI  a3Ts  ^uaxeAxnbaux  aqq  si  6ux«ejp  doq  aqj, 
•qxaq  aqq  ux  passnosxp  sxapoui  owq  aqq  swops  XT-S  9Jn6xj 


Figure  5-11  shows  the  two  models  discussed  in  the  text. 
The  top  drawing  is  the  inequivalent  site  model  proposed 
by  Catlow.  The  bottom  drawing  shows  one  possible 
relaxation  mode  for  the  next  nearest  neighbor 
interstitial . 


I 
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significantly  broader,  and  confounds  efforts  to  fit  the 
data  for  relaxation  parameters.  When  compared  with 
relaxations  that  have  higher  activation  energies  it 
seems  likely  that  a  different  relaxation  mechanism  may 
be  involved.  Quantum  mechanical  tunneling  is  but  one 
of  the  possibilities.  It  also  seems  likely  that  the 
charge  carrier  that  is  relaxing  is  not  the  same  as  for 
the  other  relaxations  since  it  has  such  a  low 
activation  energy.  Instead  of  a  fluorine  ion,  an 
electron  or  some  type  of  hole  center  may  be  relaxing. 

The  strong  dependence  of  the  Rj  on  the  dopant 
concentration  suggests  that  the  relaxation  is  some  form 
of  cluster  associated  relaxation  (13) .  Fontanella  et 
al.  have  suggested  that  the  cluster  is  of  higher  order 
than  dimer  on  the  basis  of  annealing  and  optical 
studies.  He  further  goes  on  to  sjggest  that  the  site 
might  possibly  contain  three  rare-earths  (7) . 

The  most  important  results  of  this  work  again 
come  from  the  Yb-Ho  sample.  As  can  be  seen  from  figure 
5-12,  the  Rjjj  relaxations  for  both  of  the  dopants  are 
present.  It  does  appear,  in  this  100  Hz  plot,  that  at 
least  one  additional  relaxation  is  present  in  the  upper 
wing  of  the  ytterbium  relaxation.  This  suggests  that, 
as  expected,  clustering  is  the  source  of  the  Rjjj 
relaxation . 


0.002 


relaxation  is  due  to  a  trimer 


cluster  it  would  be  expected  to  observe  four 
relaxations  in  a  doubly  doped  sample.  One  for  each 
pure  dopant  and  one  for  each  two  of  one  type  plus  one 
of  the  other.  If  the  combination  were  purely  random, 
the  two  mixed  relaxations  would  be  larger  by  about  a 


factor  of  three.  The  tendency  of  the  Rjjj  relaxation 
to  favor  smaller  rare-earths  would  skew  this 


distribution  (14) 


There  is  also  a  possibility  that  the  R- 


relaxation  may  be  due  to  a  dimer  site  since  only  one 


new  relaxation  is  observed  in  the  0.3  mol-%  Tb-Tm 


sample,  (figure  5-13)  However,  the  trimer 
identification  is  more  appealing  on  the  basis  of 
optical  absorption  studies  and  the  concentration 
dependence  of  this  relaxation  (7,9,13). 


The  results  for  the  0.05  mol-%  Er-Sm  sample  are 


of  interest  since  a  new  relaxation  is  clearly  seen  in 
the  upper  wing  of  the  erbium  relaxation.  No  other 
peaks  are  present.  Samarium  exhibits  no  RXII 
relaxation  so  it  seems  possible  that  the  new  relaxation 
is  a  site  involving  two  erbium  ions  and  one  samarium. 


The  Er-Sm  relaxations  are  shown  in  figure  5-14. 

The  interpretation  of  any  results  in  the  RIII 
region  are  questionable  at  best.  At  the  present  time 


5-13  shows  the  relaxations  in  the  Tb-Tm  sample 
relaxation  is  also  very  small  in  the  singly 
rystals  (14)  . 


Figure  5-14  shows  the  results  for  the  Er-Sm  sample. 
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no  equation  exists  to  properly  describe  the  R 
relaxation  process.  This  makes  the  use  of  fitting 
techniques  rather  questionable.  Ionic  thermocurrent 
techniques  used  in  the  study  of  the  RIIX relaxation ,  are 
not  possible  at  the  extremely  low  temperatures  at  which 
the  RII];  relaxation  is  observed.  At  the  present  time 
the  Rjjj  relaxation  has  only  been  observed  by 
dielectric  relaxation. 

Band  broadening  in  Tallant  and  Wright's  D  site 
suggest  that  the  cluster  involved  may  not  be  well 
defined  (9)  .  The  number  of  fluorine  ions  at  the  site 
could  vary  without  changing  the  optical  properties 
enough  to  show  additional  spectral  lines.  This 
broadening  can  also  be  observed  in  the  Rjjj  relaxation. 
The  broadening  is  shown  in  figure  5-15  which  shows  the 
R  relaxation  for  CaF2 :Er  and  a  best  fit  Debye 
relaxation. 

The  present  work  has  shown  that  the  Rjjj 
relaxation  is  caused  by  some  form  of  cluster  defect. 
Since  few  new  relaxations  have  been  observed,  it  seems 
likely  that  the  relaxation  is  of  order  no  higher  than 
trimer.  A  dimer  model  is  possible,  but  considering  the 
concentration  and  annealing  work  of  Fontanella  et  al. 
it  seems  most  likely  that  the  R^^site  contains  three 
rare-earths  and  an  indeterminate  number  of  fluorine 


Figure  5-15  s 
in  an  Er  dope 


d 
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ions . 

The  RIV  Relaxtion 

The  R1V  relaxation  has  been  shown  to  have  an 
activation  energy  that  is  highly  dependent  on  the  ionic 
radius  of  the  dopant  rare-earth.  (0.5  eV  for  CaF2:Tm  to 
0.9  eV  for  CaF2:Pr).  This  can  be  seen  by  referring 
back  to  figure  5-1.  The  RIV  relaxation  for  thulium 
doped  samples  is  almost  lost  in  the  upper  wing  of  the  RIV 
relaxation  and  the  RIV  for  cerium  is  above  400K.  The 
relaxation  has  also  been  shown  to  be  highly  dependent 
on  dopant  concentration  (13).  Since  the  RIV  relaxation 
increases  monotonically  with  increasing  dopant 
concentration  and  because  it  has  been  shown  to 
attenuate  upon  heating#  it  is  believed  to  be  associated 
with  some  form  of  cluster  site  (7) . 

When  dielectric  relaxation  measurements  were 
made  on  samples  doped  with  two  different  rare-earths  a 
new  relaxation  was  observed.  This  new  relaxation  can 
be  seen  in  figures  5-16  to  5-19.  The  dielectric 
spectra  for  the  corresponing  singly  doped  species  are 
also  potted.  The  new  relaxation  occurs  between  the  RIV 
relaxations  associated  with  single  dopants,  about  10K 
above  the  relaxation  for  the  smaller  rare-earth.  The 


new  relaxation  does#  however,  obscure  the 


TEMPERATURE  (°K) 

Figure  5-16  shows  the  high  temperature  results  for  the 
Er-Sm  sample. 


TEMPERATURE  (°K) 

-19  shows  the  hiqh  temperature  results  for  the 
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relaxation  of  the  smaller  rare-earth. 

I 

Since  the  Rjy  relaxation  is  not  a  perfect  Debye 
peak;  it  is  broader  than  predicted  by  theory,  extensive 
curve  fitting  techniques  would  not  provide  conclusive 
proof  that  the  R  jy  relaxation  for  the  smaller  rare- 
earth  is  present.  To  verify  the  existence  of  the  Rp^ 
relaxation  for  the  smaller  rare-earth  in  the  lower 
temperature  wing  of  the  new  relaxation,  ITC  peak 
cleaning  methods  were  employed. 

As  mentioned  earlier,  the  ITC  technique  involves 
the  polarization  of  permanent  dipolar  structures  at  a 
temperature  for  which  the  relaxation  time  of  the  dipole 
is  very  short.  If  two  relaxations  are  close  together 
in  a  dielectric  relaxation  or  ITC  spectrum  they  may  be 
separated  by  selective  polarization.  This  is  known  as 
peak  cleaning. 

In  this  work,  ionic  thermocurrent  peak  cleaning 
techniques  were  used  to  probe  for  the  R  relaxation 
for  the  smaller  rare-earth.  This  measurement  was 
particularly  easy  since  the  activation  parameters  for 
the  single  dopant  relaxation  may  be  found  in  the 
literature  (14).  The  samples  were  polarized  at  a 
temperature  where  the  relaxation  time  for  the  smaller 
rare-earth  would  be  one  minute.  The  samples  were 
polarized  for  a  minute  and  then  cooled.  The 
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polarization  of  the  small  rare-earth  RIV  relaxation  for 
one  relaxation  time  would,  by  equation  2-9,  cause  it  to 
be  polarized  to  63%  of  the  saturation  polarization. 

The  new  peak,  on  the  other  hand,  would  only  be 
polarized  to  about  10%.  When  the  sample  was  heated  and 
the  depolarization  current  measured,  the  R  relaxation 
for  the  smaller  dopant  was  found.  These  results  are 
shown  in  figures  5-20  and  5-21.  In  the  plots  the 
smaller  rare-earth  relaxation  is  shown  as  the  same  size 
as  the  new  peak  for  clarity.  The  relaxation  for  the 
smaller  rare-earth  is,  in  fact,  about  one  third  the 
strength. 

The  activation  energies  and  reciprocal  frequency 
factors  for  the  new  relaxations  were  determined  by 
fitting  the  peak  versus  temperature  for  the  temperature 
where  o»t=1  ,  for  each  of  the  five  frequencies  employed; 
The  results  were  then  fit  to  the  equation: 

lm  -  E/kT  +  lni0  5-2 

I 

The  results  of  this  fit  for  the  new  peaks  and  the 
activation  parameters  for  the  single  dopant  relaxations 
are  given  in  table  5-1. 

An  important  point  is  that  in  all  cases  the  new 
relaxation  falls  just  above  the  R  relaxation  for  the 


TABLE  5-1  Activation  parameters  for  the  RjV  and  associated  mixed 
cluster  relaxations  in  rare-earth  doped  CaF2.  The 
estimated  error  in  E  and  In t0  is  about  1%. 

Dopant  E(ev)  T„ (10~ 1 5s) 


0.1%  Er(a) 

0.543 

5.51 

0.05%  Er  -  0.05%  Sm 

0.558 

9.11 

0.1%  Sm(a) 

0.793 

2.47 

0.1%  Dy(a) 

0.604 

7.64 

0.05%  Dy  -  0.05%  Nd 

0.631 

9.04 

0.1%  Nd(a) 

0.89 

0.1%  Tb(a) 

0.645 

5.35 

0.05%  Tb  -  0.05%  Nd 

0.671 

7.86 

0.1%  Nd*-a) 

0.89 

0.1%  Tm 

0.463 

26 

0.3%  Tm  -  0.3%  Tb 

0.478 

30 

0.3%  Tm  -  O'.  3%  Tb 

0.638 

7.2 

0.1%  Tb(aJ 

0.645 

5.4 

a.  Reference  14 
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smaller  rare-earth.  Of  further  note  is  that  terbium 
(Tb)  was  studied  both  as  the  larger  rare-earth  and  as 
the  smaller  rare-earth  (Tb-Tm  and  Nd-Tb) .  In  both 
cases  the  new  relaxation  occurs  near  the  smaller 
dopant . 

Since  a  new  relaxation  is  observed  in  the  region 
of  the  RIV  for  singly  doped  crystals,  it  is  reasonable 
to  conclude  that  the  new  relaxation  is  some  form  of 
hybrid  cluster  associated  relaxation.  That  is  to  say; 
the  new  relaxation  is  caused  by  a  defect  site  that 
contains  at  least  one  of  each  of  the  two  dopants. 

Since  only  one  new  relaxation  is  seen  it  is  likely  that 
the  new  relaxation  is  a  cluster  involving  one  each  of 
the  two  dopants.  Thus  the  R  relaxation  appears  to  be 

due  to  some  type  of  cluster  defect  involving  two  rare- 

\ 

earths,  a  dimer. 

Several  dimer  models  have  been  proposed  in  the 
literature.  Many  of  these  do  not  possess  electric 
dipole  moments  and  would  not  be  expected  to  relax 
electrically  (5,29).  This  work  does  not  rule  out  the 
existence  of  these  types  of  defect  sites.  Evidence 
exists  in  the  literature  that  there  is  ,  in  fact,  more 
than  one  type  of  dimer  defect  in  rare-earth  doped 
calcium  fluoride  (9) . 

The  results  of  this  work  may  be  explained  by 


I 
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several  models.  One  of  these  was  proposed  by  Yaney  et 
al.  to  explain  optical  data  in  rare-earth  doped 
strontium  fluoride  (30).  In  this  model,  a  neutral 
dimer  is  formed  by  two  rare-earths  in  a  nearest 
neighbor  configuration  along  the  [110]  axis,  with 
charge  compensating  fluorine  ions  occupying  nearest 
neighbor  sites  along  the  [110]  axis.  This  dimer  has  no 
dipole  moment.  But  if  an  additional  fluorine  ion  were 
to  be  attracted  or  "gettered"  to  this  site  it  could  be 
expected  to  relax  around  either  of  the  rare-earths. 
While  this  defect  model  seems  unlikely,  from  an 
electro-static  standpoint,  it  explains  the  "anomalous" 
increase  in  non-locally  compensated  cubic  sites  that 
has  been  observed  with  increasing  dopant  concentration 
(31-33)  . 

Another  type  of  non-neutral ly  charged  defect, 
that  has  been  proposed  by  Andeen  et  al.,  again  involves 
two  rare-earths  occupying  [110]  nearest  neighbor  sites 
and  a  fluorine  ion  relaxing  between  them  in  the  [110] 
direction  (14).  It,  like  the  gettering  model,  is 
electro-statically  unfavorable.  In  its  favor,  this 
model  explains  the  strong  dependence  of  the  R^  on 
dopant  ionic  radius. 

A  model  that  would  explain  the  strong 


IV 


0 

0 

u 


association  between  the  position  of  the  hybrid  R 


relaxation  and  the  smaller  rare-earth  would  be  two 


rare-earths  occupying  sites  along  the  [100]  direction 


with  a  fluorine  between  them.  A  second  fluorine  ion 


could  relax  around  either  of  the  rare-earths.  This 


model  is  attractive  since  it  is  electrically  neutral 


and  can  be  used  to  explain  the  dependence  of  the  hybrid 


relaxation  on  the  smaller  rare-earth.  However,  it  has 


been  suggested  by  Tallant  and  Wright  that  their  C  site 
has  approximate  trigonal  symmetry  (34) .  A  slight 
modification  of  the  above  model  would  place  the  two 


rare-earths  along  the  [111]  axis  with  a  fluorine  ion 
between  them  in  a  next  nearest  neighbor  site  and  an 
additional  fluorine  relaxing  about  either  rare-earth 
ion  would  have  almost  trigonal  symmetry.  This  model 
would  also  explain  the  association  between  the  position 
of  the  hybrid  relaxation  and  the  smaller  dopant.  A 
diagram  of  each  of  the  models  presented  is  shown  in 


figure  5-22. 

The  cluster  origin  of  the  R^  relaxation  has 
been  demonstrated.  It  is  likely  that  the  relaxation  is 


due  to  a  cluster  of  two  rare-earths;  a  dimer.  Also  it 
has  been  shown  that  the  hybrid  relaxation  is  more 
dependent  on  the  smaller  dopant.  This  should  be 
important  in  defining  the  relaxation  mechanism  of  the  RIV 
relaxation. 


76 


SUMMARY 

In  summary  then,  this  work  has  answered  many  of 
the  questions  that  exist  about  rare-earth  doped 
calcium-fluoride.  The  RIV  relaxation  has  been  shown  to 
be  associated  with  a  cluster  defect  site.  it  is  almost 
certain  that  this  cluster  is  a  dimer.  It  has  further 
been  shown  that  the  two  rare-earths  do  not  participate 
equally  in  the  relaxation  process.  Clustering  has  also 
been  observed  in  the  relaxation.  It  is  believed 

that  the  Rii;i-  relaxation  is  caused  by  some  form  of 
trimer  defect,  but  this  assignment  is  not  based  on  firm 
experimental  or  theoretical  grounds.  The  structure  of 
the  site  and  the  method  of  relaxation  remain  unknown. 

Simple  point  defects  have  also  been  observed  in 
rare-earth  doped  calcium-fluoride.  The  R-j.  relaxation 
has  been  shown  to  be  some  form  of  simple  point  defect. 
And  considering  the  relationship  between  the  Rj 
relaxation  and  the  tetragonal  site  in  ESR  and 
rotational  Zeeman  studies,  it  seems  almost  certain  that 
the  Rj  relaxation  is  associated  with  a  nearest  neighbor 
fluorine  ion. 

The  R-j-j  relaxation  has  also  been  shown  to  be  due 
to  a  simple  point  defect.  The  Rixsite  is  associated 
with  a  site  of  trigonal  symmetry  though  its  exact 
configuration  is  unknown.  The  relationship  between  the 


I 
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Rjj.  relaxation  and  a  next  nearest  neighbor  charge 
compensation  scheme  could  be  argued.  But  it  seems 
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insufficient  to  explain  annealing  results. 

Several  avenues  of  research  should  be  pursued  in 
order  to  more  fully  understand  the  defect  structure  of 
rare-earth  doped  calcium-fluoride.  An  improved 
theoretical  model  for  low  energy  relaxations  should  be 
developed  to  more  fully  understand  the  Rj  and 
relaxations.  Optical  absorption  and  ESR  work  on  doubly 
doped  samples  could  also  prove  useful.  A  greater 
theoretical  understanding  of  non-Debye  like  behavior  in 
cluster  associated  relaxations  might  yield  insight  into 
the  configuration  of  the  defect  causing  the  R^ 
relaxation. 

Prior  to  this  work,  great  strides  had  been  made 
towards  understanding  the  defect  structure  of  rare- 
earth  doped  CaF2 .  The  results  of  this  work  have 
expanded  this  body  of  knowledge  to  a  point  where  a 
comprehensive  model  of  this  system  may  be  expected 
soon. 
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Audiofrequency  dielectric  relaxation  measurements  from  150  to  400  K  and  ionic-thermocurrent 
measurements  from  90  to  290  K  have  been  used  to  study  the  relaxation  of  dipolar  defects  in  several  calcium- 
fluoride  samples  doped  with  two  rare-earth  species.  In  particular,  the  region  containing  the  R  iv  relaxation  for 
the  corresponding  singly  doped  samples  has  been  investigated.  The  R (v  relaxation  is  distinguished  by  an 
activation  energy  that  is  a  strong  function  of  the  ionic  radius  of  the  rare-earth  dopant,  varying  from  about 
0.5  eV  (for  CaF2:Tm)  to  about  0.9  eV  (for  CaFpPr).  In  each  doubly  doped  sample,  relaxations  are  observed 
similar  to  those  observed  in  the  singly  doped  samples.  In  addition,  a  new  relaxation  is  found  which  falls 
between  the  RIV  relaxation  peaks  of  the  two  constituents.  This  suggests  that  the  Rtv  relaxation  is  associated 
with  a  cluster  including  two  rare  earths  (a  dimer)  and  that  the  new  peak  is  associated  with  a  cluster 
including  two  different  rare  earths  (a  mixed  dimer).  Since  the  existence  of  an  electrical  relaxation  requires 
that  the  dimer  be  dipolar,  the  results  cannot  be  explained  by  the  usual  dimer  models.  In  addition,  the  data 
indicate  that  the  rare-earth  ions  do  not  share  equally  in  the  reorientation  process. 

PACS  numbers:  77.40.  +  i,  6l.70.I3v 


1.  INTRODUCTION 

In  the  past  few  years,  it  has  become  apparent 
that  clustering  is  significant  in  rare-earth-doped 
calcium  fluoride  at  rather  low  concentrations. 
Aggregation  has,  in  fact,  been  observed  using  di¬ 
electric  relaxation,1* 2  ionic  thermocurrents,2  se¬ 
lective  laser  excitation,4  nuclear  magnetic  reso¬ 
nance,5  optical,6  MCssbauer,7  neutron  diffrac¬ 
tion,8  and  electron-spin-resonance9  techniques. 

In  addition,  aggregation  has  been  treated  theo¬ 
retically.10  Of  particular  interest  here  is  a  cen¬ 
ter  with  a  relaxation  energy  of  from  0.5  eV  (for 
CaF2:Tm)  to  0.9  eV  (for  CaF2:Pr)  designated  the 
Rlv  center  by  Andeen  et  at.2  The  activation  en¬ 
ergy  was  observed  to  correlate  strongly  with 
dopant  ion  size.  There  has  been  evidence  that  the 
Rlv  center  is  some  form  of  cluster. 2,3,11 

In  this  paper  we  report  a  study  of  the  Rlw  relax¬ 
ation  region  in  samples  of  doubly  doped  CaF2  us¬ 
ing  dielectric  relaxation  and  ionic  thermocurrent 
(1TC)  techniques.  We  have  found  that,  for  each 
system  studied,  a  new  relaxation  appears  between 
those  of  the  Rlv  centers  associated  with  each  of 
the  constituent  dopants  providing  strong  evidence 
that  the  Rtv  relaxation  is  associated  with  two  rare 
earths  (a  dirr.cr).  The  results  arc  discussed  in 
terms  of  models  for  dimers  already  existing  in 
the  literature. 


II.  EXPtUlMtNT 

Samples  of  calcium  fluoride  doped  with  0.05 
mol%  each  of  erbium  and  samarium,  0.05  mol% 
each  of  neodymium  and  dysprosium,  0.05  mol% 
each  of  neodymium  and  terbium,  and  0.3  mol% 
each  of  terbium  and  thulium  were  obtained  from 
Optovac,  Inc. 

Three  terminal  capacitance  C  and  conductance 
divided  by  the  frequency  C/w  measurements  were 
performed  on  the  samples  using  a  specially  mod¬ 
ified  General  Radio  165  bridge.  The  samples 
were  25.4-mm-diam  disks  1.5 -mm  thick  that  had 
aluminum  electrodes  evaporated  onto  their  sur¬ 
faces  in  the  standard  three-terminal  configura¬ 
tion.  The  measurements  were  performed  iso- 
thermally  at  five  audio  frequencies  from  102  to 
10*  Hz  at  various  temperatures  from  150  to  380  K. 
Further  details  of  the  apparatus  arc  given  else¬ 
where.2 

In  the  present  work,  the  real  part  of  the  dielec¬ 
tric  constant  c'  at  300  K  and  1000  Hz  was  taken 
to  be  6.915  for  all  samples,  e'  at  300  K  and  fre¬ 
quencies  other  than  1000  Hz  was  then  calculated 
assuming  that  the  relative  change  in  dielectric 
constant  with  frequency  is  equal  to  the  relative 
change  in  capacitance.  The  real  part  cf  the  di¬ 
electric  constant  at  temperatures  other  than  300  K 
for  each  frequency  was  then  determined  from 
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(1) 


where  a,  is  the  isobaric  linear  thermal  expansion 
coefficient  taken  to  be  equal  to  that  for  pure  cal¬ 
cium  fluoride11  due  to  a  lack  of  values  for  rare- 
earth-doped  samples.  Finally,  the  imaginary  part 
of  the  dielectric  constant,  e",  was  calculated  from 
the  equation 

€*=  e'C/«C.  (2) 

Ionic -thermocurrent  spectra  were  measured 
from  90  to  290  K  at  heating  rates  of  3-5  K/min. 
During  all  1TC  experiments  the  sample  chamber 
was  filled  with  a  1-atin  helium  exchange  gas  to 
minimize  thermal  gradients.  The  ITC  experiment 
was  performed  according  to  the  method  developed 
by  Bucci  et  al.13’1*  Polarizing  fields  of  about  8 
kV/cm  were  used,  and  depolarization  currents 
were  measured  using  a  Cary  401  vibrating -reed 
electrometer.  Peak  currents  were  about  10’13  A, 
with  a  background  noise  level  of  about  10'15  A. 
Linear  heating  rates  of  3-5  K/ min  were  employed. 


III.  RESULTS 

\ 

The  results  for  the  imaginary  part  of  the  dielec¬ 
tric  constant  over  the  temperature  range  150-380 
K  are  plotted  in  Figs.  1-4  along  with  previous  re¬ 
sults  for  the  corresponding  singly  doped  samples.8 

In  Figs.  1-4  the  Rly  relaxation  is  the  most 
prominent  peak  above  200  K  for  all  singly  doped 
samples.  In  each  case  the  following  trend  is  ob¬ 
served  for  the  doubly  doped  samples:  the  ex¬ 
pected  lower  temperature  ft,v  relaxation  (small 
rare  earth)  is  not  readily  observable  in  the  di¬ 
electric  loss  spectrum,  a  new  relaxation  appears 


FIG.  2.  f"  temperature  for  various  samples  of  rarc- 

earth-cloi>ed  calcium  fluoride.  - CaF2:Dy,Nd  0.05 

mol%  each; - CaF2:Dy  0.1  mol “I; - CaF2:Nd 

0.1  mol  1b. 


at  a  slightly  higher  temperature,  and  the  expected 
higher  temperature  relaxation  (larger  rare  earth) 
is  observed. 

A  comparison  of  the  various  relaxations  is  given 
quantitatively  in  Table  I  where  activation  energies 
E  and  reciprocal  frequency  factors  r0  are  tabu¬ 
lated.  The  values  of  E  and  r0  were  determined  as 
follows.  First,  each  peak  was  fitted  to  the  Debye 
equation  for  e": 

e*  =  Ul-€#)wT/(l  +  u>V),  (3) 

where  e'L  and  c'H  are  the  “low”-  and  “high”-fre- 
quency  limits  of  the  dielectric  constant  where 
'Tow”  and  "high”  mean  relative  to  the  dispersion 
produced  by  the  relaxation  only,  r  is  the  relaxa- 


FfO.  1.  r"  teni|>eraturc  for  various  samples  of  rarc- 

carth-dopod  calcium  fluoride.  - CaF2:F,r,Sm,  0.05 

mol 7  each; - CaF2:Er,  0.1  mol%; - CaF2: 

Sm,  0.1  mol  %. 


earth-doped  calcium  fluoride.  - CaF2;Nd,Tb  0.05 

mol  T  each, - CaF,:Nd  0.1  mol  Sr; - Cnl'2:Tl> 

0.1  mol's. 


FIG.  4.  f"  temperature  for  various  samples  of  rarc- 

carth-doped  calcium  fluoride.  - CaF2:Tm,Tb  0.3 

mol%  each; - CaF2:Tm  0.1  mol%: - CaF2; 

Tb  0.1  mol  %. 


TAI1IJ-:  I.  Activation  parameters  for  the  Rlv  ami  as¬ 
sociated  niLxed-cluster  relaxations  in  rarc-carth-doped 
CaF2.  The  estimated  error  in  E  and  lnr,  is  about  1%. 


Dopant 

(mol%) 

E 

(eV> 

7. 

(10‘1S  sec) 

0.1%  Er* 

0.013 

S.S1 

0.00%  Er— 0.00%  Sm 

0.503 

9.11 

0.1%  Sm1 

0.793 

2.47 

0.1%  Dy* 

0.604 

7.64 

0.05%  Dy— 0.00%  Nd 

0.631 

9.04 

0.1%  Nd* 

0.89 

0.1%  Tb* 

0.640 

5.35 

0.00%  Tb— 0.00%  Nd 

0.671 

7.86 

0.1%  Nd* 

0.89 

0.1%  Tm 

0.463 

26 

0.3%  Tm— 0.3%  Tb 

0.47S 

30 

0.3%  Tm— 0.3%  Tb 

0.638 

7.2 

0.1%  Tb* 

0.640 

5.4 

1  Reference  2. 


tion  time  of  the  dipole  assumed  to  be  given  by  an 
Arrhenius  equation  of  the  form 

r=  r0ee,kT ,  (4) 


where  T  is  the  absolute  temperature  and  k  is 
Boltzmann’s  constant.  In  addition,  it  is  assumed 


that 

where  the  constant 
A  =  JVp2/3e0A: 


is  known  as  the  dipole  strength,  N  is  the  dipole 
concentration,  p  is  the  dipole  moment,  and  £0 
is  the  permittivity  of  free  space.  Fits  were  made 
for  ail  five  frequencies  and  the  results  were  used 
to  determine  the  approximate  temperature  at 
which  ujt=  1  for  each  of  the  five  frequencies.  The 
activation  parameters  quoted  in  Table  I  were  then 
found  from  a  best  fit  to  the  equation 


ln(w)=  -E/kT-  ln(r0). 


(V 


The  activation  parameters  for  singly  doped 
CaF2:Tm  were  determined  in  the  present  paper 
after  subtracting  off  an  estimated  contribution  due 
to  the  /t,  relaxation.  Consequently,  these  values 
arc  more  uncertain  than  those  for  fllv  in  most  of 
the  other  materials.  However,  the  values  arc 
considered  better  than  the  estimate  given  in  Ref. 

2  based  on  the  peak  position  at  100  Hz. 

It  is  seen  in  Table  I  that  both  E  and  t0  for  the 
new  relaxation  in  the  doubly  doped  samples  are 
slightly  larger  than  the  corresponding  activation 
parameters  for  /IJV  for  the  smaller  rare  earth. 


Because  of  the  interference  of  dielectric  loss  due 
to  other  relaxations  or  high  temperature  dc  con¬ 
ductivity,  it  was  only  possible  to  obtain  activa¬ 
tion  parameters  for  the  higher  temperature  re¬ 
laxation  in  the  doubly  doped  samples  for  the  Tra- 
Tb  sample.  It  is  seen  that  to  within  experimental 
error  the  peak  is  the  same  as  RIV  for  the  larger 
rare  earth.  It  is  interesting  to  note  that  terbium 
was  studied  both  as  the  larger  (Tb-Tm)  and  the 
smaller  (Tb-Nd)  rare  earth. 

Since  ‘he  new  relaxation  is  displaced  only 
slightly  in  all  cases  from  the  position  of  the  /?lv 
relaxation  ol  the  smaller  rare  earth,  ITC  was  used 
'  as  a  probe  for  the  presence  in  the  relaxation  spec¬ 
trum  of  the  peak  due  to  the  smaller  rare  earth  in 
the  low-temperature  shoulder  of  the  new  peak. 

The  ITC  experiment  is  ideally  suited  to  this  pur¬ 
pose,  since  “peak-cleaning”  techniques,  involving 
selective  polarization  and/or  depolarization  at 
temperatures  in  the  vicinity  of  the  peak  of  inter¬ 
est,  can  greatly  reduce  the  intensity  of  nearby 
peaks,  while  only  slightly  attenuating  the  peak  of 
interest.  Such  measurements  were  made  on  the  ' 
i  CaF2:Er,Sm  samples,  and  revealed  the  presence 
of  the  peak  associated  with  the  IfIV  relaxation  of 
Er,  the  smaller  rare-earth,  as  illustrated  in  Fig. 
5.  The  ITC  data  shown  as  a  solid  curve  were  taken 
without  peak-cleaning  procedures.  The  dashed 
i  curve  was  taken  on  the  same  sample,  but  with 
‘  polarization  procedures  chosen  to  enhance  the  Er- 
associated  /<lv  relaxation.  Similarly,  peak  clean- 
1  ing  of  the  new  peak  in  the  CalV.Tb.Nd  sample 
showed  the  presence  of  the  Tb  Rlv  relaxation  as 
shown  in  Fig.  G.  In  each  case,  the  peak  associated 
with  the  smaller  of  the  rare  earths  is  about  one- 
third  the  intensity  of  the  newly  observed  peak. 
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FIG.  5.  Ionic  thcrmocur- 
rcnt  results  lor  Cal':Er, 
Sin,  0.05  moll  each.  -  No 
peak  cleaning;  --  Peak- 
cleaning  techniques  used  to 
enhance  the  172-K  peak. 


IV.  DISCUSSION  ^ 

These  results  strongly  suggest  that  the  Rlw  re¬ 
laxation  is  due  to  a  cluster  containing  more  than 
one  rare  earth.  Furthermore,  since  only  one  new 
peak  is  observed,  it  appears  likely  that  only  two 
rare  earths  are  involved  in  the  cluster,  the  new 
peak  representing  a  mixed  dimer. 

Dimers  have  been  observed  previously  in  rare- 
earth-doped  calcium  fluoride  using  techniques 
other  than  electrical  relaxation.  For  example, 
various  dimer  models  have  been  proposed  to  ex¬ 
plain  optical,*  neutron  diffraction,*  elcctron-spin- 


rcsonance,5  and  selective  laser  excitation*  data. 
However,  Booth  el  alS  have  recently  reported 
dimer-associated  nuclear  magnetic  resonance 
data  that  cannot  be  explained  by  any  dimer  models 
in  the  literature.  The  results  of  the  present  work 
also  are  inconsistent  with  most  of  the  models  in 
the  literature  for  the  following  reason.  In  order 
for  a  dimer  to  relax  electrically,  it  must  have  a 
dipole  moment.  Consequently,  neither  the  dimer 
with  a  nearest  neighbor  pair  of  rare  earths  along 
the  [110]  direction  (see  Fig.  1  of  Ref.  5,  for  ex¬ 
ample)  nor  the  2-2-2  cluster  of  Cheetham  ct  al .' 
as  developed  theoretically  by  Catlow10  would  be 


FIG.  6.  Ionic  thermocur¬ 
rent  results  for  CnF:Tb,Nd 
0.05  mol  each.  -  No  peak 
i  cleaning;  —  Peak  cleaning 
techniques  used  to  enhance 
the  202-K  peak. 
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expected  to  relax  electrically.  Their  existence 
can’t  be  ruled  out  on  the  basis  of  the  present  work 
since  they  could  exist  in  addition  to  the  dimer  re¬ 
ported  here.  There  is,  in  fact,  evidence  that 
more  than  one  type  of  dimer  exists  in  rare-earth 
doped  calcium  fluroide.4  Furthermore,  the  dimer 
reported  here  may  only  be  a  slight  modification  of 
those  clusters.  For  example,  Andeen  et  til.2  have 
speculated  that  perhaps  the  dimer  is  such  that  the 
rare  earth  sits  off  center.  It  should  be  kept  in 
mind  that  this  suggestion  was  made  in  an  attempt 
to  account  for  the  fact  that  the  activation  energy 
for  Rlv  is  strongly  dependent  upon  the  size  of  the 
rare  earth.2 

It  is  interesting  that  the  results  of  the  present 
work  are  consistent  with  the  “gettering”  model 
of  Yaney  et  al.li  that  was  proposed  to  explain  op¬ 
tical  data  in  rare-earth-doped  strontium  fluoride. 
In  that  model  a  dimer  extracts  an  additional  inter¬ 
stitial  fluoride  ion  from  somewhere  in  the  crystal. 
If  the  original  dipole  were  one  of  the  neutral  dim¬ 
ers  mentioned  above,  the  new  dimer  would  then 
most  likely  be  endowed  with  a  dipole  moment  and 
thus  expected  to  relax  electrically.  Tallant  et  at* 
have  also  found  evidence  in  support  of  the  “getter¬ 
ing”  model  in  rare-earth-doped  calcium  fluoride. 
The  reason  that  this  model  is  particularly  attrac¬ 
tive  is  that  it  can  be  used  to  explain  the  “anoma¬ 
lous”  increase  in  cubic  sites  with  increasing  rare- 
earth  concentration  that  is  known  to  exist  in 
CaF2:Er.I6‘la  Specifically,  an  increase  in  cubic 
sites  will  occur  if  the  dimer  extracts  its  addi¬ 
tional  interstitial  from  tetragonal  sites. 

There  are,  however,  still  other  ways  to  form 
dipolar  dimers.  For  example,  either  of  the 
"tetragonal”  cluster  sites  proposed  by  Yaney  et 
al.li  is  dipolar  though  only  the  monoclinic  modi¬ 
fication  contains  equivalent  sites  necessary  for 
dipolar  reorientation.  In  addition,  Andeen  et  at.2 
have  speculated  on  the  possible  existence  of  posi¬ 
tive  dimer  ions.  While  such  an  entity  would  seem 
rather  unlikely  from  an  electrostatic  point  of 
view,  such  a  cluster  has  excess  rare  earths, 
which  is  an  attractive  feature  for  explaining  the 
strong  dependence  of  E  for  /<lv  upon  the  size  of 
the  rare-earth  ion.2 


•j.  Fontanella  and  C.  Andeen,  J.  Phys.  C  Phys.  9,  1055 
(1970. 

2C.  Andeen,  D.  Link,  and  J.  Fontanella,  Phys.  Jtev.  B 
10,  1702  (1977). 

Jn.  Cnpellcttl,  E.  Okuno,  G.  E.  Matthews,  and  J.  II. 

Crawford,  Jr.,  Phys.  Status  Solid!  A  47,  017  (1978). 
4f).  R  Tallant  and  J.  C.  Wright,  J.  Chein.  Phys.  01. 

2974  (1970). 


Finally,  the  results  of  the  present  work  show 
that  the  dipolar  dimer  exhibits  one  other  "un¬ 
usual”  feature.  It  has  been  shown  that  the  mixed 
cluster  peak  does  not  occur  midway  between  the 
single  specie  peaks  but  is  always  only  slightly 
shifted  in  temperature  from  the  position  of  the 
peak  associated  with  the  smaller  rare  earth.  Con¬ 
sequently,  this  suggests  that  the  rare  earths  do 
not  share  equally  in  the  reorientation  process. 

This  fact  should  be  quite  helpful  in  modeling  the 
reorientation  process  once  the  actual  structure  of 
the  dimer  is  determined. 

V.  CONCLUSIONS 

In  summary,  then,  it  has  been  shown  that  in  cal¬ 
cium  fluoride  doped  with  two  different  rare  earths, 
a  new  relaxation  is  observed  in  addition  to  the  fllv 
relaxations  observed  in  singly  doped  samples. 

This  suggests  that  the  Rlw  relaxatiqn  is  associated 
with  a  cluster  involving  two  rare  earths  and  that 
the  new  relaxation  is  due  to  a  cluster  involving 
two  different  rare  earths.  Since  the  existence  of 
an  electrical  relaxation  requires  that  the  dimer 
be  dipolar,  the  results  cannot  be  explained  by  the 
usual  dimer  models.  Finally,  the  data  indicate 
that  the  rare-earth  ions  do  not  share  equally  in 
the  reorientation  process. 
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